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I. INTRODUCTION

A thorough study of processes such as metal forming, impaot, penetra-
tion and adiabatic shear banding requires Integration, with respect to
time, of a coupled system of nonlinear partial differential equations. For
the model representing one of these phenomena to be somewhat realistic, it
should incorporate such effects as strain har4ening, strain-rate hardening
and thermal softening. These effects are exhibited by most metals under-
going large deformations at high strain rates. For homogeneous and simple
shearing deformations of such viscoplastic materials, the idiabstic shear
stress-shear strain curve is generally concave towards the origin and has a
peak in it. At this peak, the effect of thermal softening equals the com-
bined effect of strain and strain-rate hardening. Under further loading,
the thermal softening overtakes the strain and strain-rate hardening, and
consequently the shear stress required to maintain simple shearing deforma-
tions of the body decreases with an increase in shear strain.

In essentially all practical problems enumerated above, one needs to
integrate the governing equations well beyond the peak in the stress-strain
curve. Whereas it ts a trivial matter to carry out this integration when
the deformations are homogeneous, it ts a rather time consuming endeavor to
do so for non-homogeneous deformations even when the deformations are one-
dimensional. Rerein we discuss our experience with two methods, the
forwmrd-differenoe soheme and the Crank-Nioolson methol. In each case, the
governing partial differential equations were first reduced to a set of
ordinary differential equations by using the 3alerkin finite element
method. Also in the case of the Crnk-Nioolson method the number of
unknowns at each point was increased from five to eight so that only first
order spatial derivatives of the unknowns appeared in the equations. We
should point out that the governing equations are stiff and no artificial
viscosity was introduced in either case. Of course, the Crank-Nicolson
method has artificial viscosity inherently built into it.

Our numerical experiments reveal that the Crank-Nicolson-Oalerkin-
Finite-glement (CNW) method allows the use of time steps at least two
orders of magnitude larger than those permitted by the Forward-Difference-
Ialorkin-Finite-glement (FDMO) sche" and still gives an acceptable stable
solution. It is conceivable that the efficiency of the forward-difference
sohO used herein would improve if auxiliary variables were introduced, as
was done for the Crank-Nicolson method, so that only first order spatial
derivatives appeared in the governing equations.

We refer the reader to exoellent books 1 - 4 and references qiven therein
for a discussion of various numerical integration techniques. We note that
Chandra sad Makherjoe5 recently used the forwrd-difference method to inte-
grate a stiff set of partial differential equations somewhat akin to ours.
They used ea Euler type seheme with automatic time-step control. Nowever,
seleoting parameters that control the time-inorement automtically is a
hard task.

We add that In an earlier paper6 the emphasis was on reporting the
complete set of solutions, obtained by using the CUCIF method, to equations
studied herein. In this paper, we provide details of the two numerical
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teohnliques and compare results, for one variable only, obtained by using

the two methods.

A. Formulation of the Simple Shearing Problem

We study the simple shearing deformations of a dipolar visco-plastio
material and assume that all of the variables have been non-dimensional-
ised. Thus the body oooupies the infinite slab bounded by the planes
y a ±1. Referring the reader to Reference 6 for details, vs note that the
governing equations are

• u _ (a - to, ) , I
p 'Y

6 • ke,yy + A(s 2 a2 ) , (2)

yy t
s • .(V,y-A^s) , (3)

V

fti(v,yy - -A) (11)

2 2
, A(s oa)/(1 - )MI (5)

A max I - 1 /{b(s" 2 )( 1j , (6)
0! + t_)n l at

10 ( a)

with boundary conditions

v(±1,t) a f1 , (T)

ey(, (,t) a 0 (8)

o( ,,t) a o , (9)

and a suitable set of initial oonlitions. Pquations (1) and (2) express,
respectively, the balance of linear momentum and internal energy. Herein v
is the velocity of a material particle, , its mass density, i its shear
modulus, I a characteristic material length, k its thermal conductivity, e
its temperature cha"e from that in the reference configuration, and s and
o may be interpreted as the shear stress and the dtpolar shear stress. A
superimposed dot indicates material time differentiation and a comes
follmmd by y signifies partial differentiation with respect to y. The
constitutive relations (3) - (6) qive one possible model of visooplastic

6



materials. Equation (6) iplies that the plastic parts, As and As/t, of
the strain rate and the dipolar strain-rate vanish when

(s 2 + 02) (1 + _)n(l - aS).
*0

Beoause of the non-dimensional variables being used, the initial yield
stress equals one in an isothermal and quasistatia reference test. The
material parameters * and n describe the strain hardening of the material,
a the thermal softening, and b and m the strain-rate sensitivity of the
material.

We presume that the initial values of 0, a and * are symmetric and of v
and a antisymmetric in y and seek solutions of equations (1) through (6)
with the same symmetry. Thus the problem is to be studied over the spatial
domain [0,1] and the boundary conditions beoome

v(1,t) a 1, v(Ot) • 0, (10)

8, y(1,t) a 0, 8, Y(Ot) a 0, (11)

o(1,t) a 0, o(Ot) a 0. (12)

For the initial conditions we take

v(y,O) • y, o(y,O) a 0, *(y,O) ,

O(y,O) a 0 + (y), (13)

s(y,O) s 0 + ,L) (0 + bAsO)m(1 - a(y,O)).
0 *0

The values of e%, S0 and * are such that, during homogeneous deformations

of the block, the shear stress $0 and the strain corresponding to t lie on

the shear stress-shear strain curve for the material. A in Eq. (13)5 is

given by 2q. (5) with 8 a 600 a a no t ci " 0. The funotion

describes the aberration in the initial temperature distribution and will
result in nos-homgoeneous deforeations of the body.

B. Imerioal Integration of overninj . tions

1. Crank-ioolson-Oalerkin-Finite-leeent Method.

With the auziliary variables

u a Vey , I ey I p ,, (1k)
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we can rewrite equations (1) - (I) as

1 (15)vS-Cs- Lp),y

= kg, + A(s? + ) , (16)Y

SO(u- As) (17)

A

XL(Uy -LPN) (18)

Thus only first order spatial derivatives of the unknowns v,e,s,o,u,g and p

appear in he governing equations. Let H1 denote the space of funotions
defined on [0,1] the square or whose first order derivative is integrable
over [0,1]. We approximate the unknown functions v,()s etc. by a linear
combination of the finite element basis functions (y), i)s2,...N} in an

1
N-dimensional subspace of H . For example,

v(y,t) a v1 (t)#1 (y). (19)

Throughout this artiole, a repeated inlex implies summation over the range
of the index. Using alerkin's 7 method we thus reduce equations (14)
through (18) to the following set of equations.

MijU i a -QijVi , (20)

ijg i  ii , (21)

Mijpi , -Qioi , (22)

" + tj (23)tJ i " ij't i '

M ij S -WQt1g i + AiPij , (24)

a iji i a P Mijui - 0 Ais k  ijk , (25)

aij16i a -It dtjui - o Ato k RijI , (26)

where

Bt
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1.

Mi =- €€ dy = M ji (27)

QiJ-- ¢~~ dy ,(28)

4-(00) ' (29)i 0

Rij k - 'ijc dy = Rik j : Rkij , (30)

Pi Y Oi (a + a 2 )d y = P ji "(31)

We note that because of the nonlinear dependence of Pij and A upon s, a,

and 8, the coupled set of ordinary differential equations (20)-(26) is not
that easy to integrate. The matrices Mij, Qij' Qij Rijk and P have been

evaluated by using the linear basis functions. Also vi(t) denotes the

velocity of node i at time t.

In the Crank-Nicolson method, equations (20)-(26), assumed to hold at
time (t + At/2), are used to preduct the values of v,6,s,o,g,pu and * at
time (t + At) from a knowledge of their values at time t. This is accom-
plished by approximating 1 (t + At/2) by (e1 (t + At) - Gi(t))/At,

e1 (t + At/2) by (81 (t + At) + ei(t))/2, etc. and by first evaluating the

nonlinear terms on the right hand side of (20)-(26) at time t. The result-
ing system of linear algebraic equations is solved for vi(t + At) etc., the

right-hand side in equations (20)-(26) is now evaluated at time (t + At/2)
and the system of equations solved again for vi(t + At) etc. This itera-

tive process is continued till, at each nodal point,

0IV- + + 1S1+ [A±.f + jAaj + jagj + [Apj + juj (32)

where subscript i has been dropped from vi etc., Av denotes the difference

between the newly found value of v and that used to compute the right-hand
side in (20)-(26), and E is a preassigned small number. The initial con-
ditions (13) were used to find vi(O) etc.

9
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2. Forward-Differenoe-Galerkin-Finite-Element Method.

In this method the field equations (1) and (2) were first cast into
a weak form. Let * and * be two smooth functions defined on (0,I) such
that *(0) = *(1)zO. With equations (1) and (2) multiplied through by , and
respectively and with use of the boundary conditions (10)-(12), integration
by parts over the interval [0,1] gives

=-f dy so, dy - 0 , dy (33)

f dy = - k ,y dy + A(s2 + 2) dy , (34)

Let the interval [0,1] be divided into (N-i) subintervals, not necessarily
0 1

of equal length. Thus N is the number of nodes in the mesh. Let .i , 0i

(i=1,2,...N) be the Hermite basis functions7, and $i (i=1,2,....) the

finite element basis functions introduced previously (e.g. see Eqn. (19)).
We impose the following approximations on v and 0.

v(y,t) = vi(t) 00(Y) + it) (y) (35)

e(y,t) a ei(t) 1i(y). (36)

Here ji(t) is the value of v, at the node i at time t. Hermite basis
0 1

functions *i, #j can be constructed by matching together element shape
functions $0, *, j, j1 and similarly 0()can be obtained by matching

and 2" In the Galerkin approximation, the same set of basis functions are

used to approximate the test functions 0 and & as are used for v and e.
Recaling that equations (33) and (34) must hold for arbitrary 0 and E, we
arrive at the following set of ordinary differential equations.

M i 1, (37)

Hi. +§ *W. (38)
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Here
w v = v i, l v 2 ,i 2 ... , v ,,Y H}T ,

8 = {el,0 2, ,O'N} T

T i-1T

-{FI,F2 , ..., F 2N'
T " {fJJ' f(J+1)J, f(J+3)J I

J=1

f 0 0
lJ 1,y 1 ,yy

1 1
t'jl J1 ,y 1 ,yy

0 +00 dy,
f(J+2)J j 2 ,y 2,yy

1 1
f(J+3)J 2,y 2,yy

0 0 1 0 0 0 1 0

1 1 1 2 1 2 1

001 1 1 0 1 11

M-1 11 1 1 2 1 2 1

J=1 €0 0 1 0 €0 0 1 0

1 2 122 2_ 22

0 1 1 1 0 1 1 1

12 12 22 22

with similar definitions for H, T and W. In the above integrations aj is

the region occupied by the Jth element. These integrals are evaluated

nuwerioally by using the 4-point Gauss integration rule. Explicit expres-
sions for the matrices in 8q. (38) are not stated above since they are
given in many books on the finite element method, e.g. Beaker et al.7

, 11



Equations (37), (38), and (3)-(5) are integrated with respect to time t
by using the simple forward-difference method. The solution of equations
(37) and (38) gives nodal values of v, j, and e at the next step. From
these, values of v,j,8, and v,yy at the Gauss points of integration are

calculated by using the interpolation relations (35) and (36). For each
Gauss point, Eqs. (3)-(5) are integrated to obtain the local values of s,a,
and * at the next time step. Because the integration scheme is only condi-
tionally stable in the linear case, the time step has to be kept very
small; its value is dependent on the grid size, the material properties,
and the present deformations of the body.

C. Computation and Discussion of Results

In order to compute numerical results the following values of various
non-dimensional parameters that correspond to a typical hard steel were
chosen.

p = 3.928 x 10-5 , k = 3.973 x 10- 3 , a = 0.4973 , i = 240.3

6
n = 0.09 0 = 0.017 , b = 5 x 10 , m = 0.025

For homogeneous deformations of the block, the peak in the shear stress-
shear strain curve occurs at a strain of 0.093. The uniform temperature
Oo1=.I033 in the block when y = 0.0692 was perturbed by adding a smooth
tmperature bump

2 9 -5y 2
O(y) = 0.1 (1-y ) e-

and the resulting initial-boundary value problem was solved by using the
aforementioned two methods. In each case no attempt was made to use
diagonal matrices equivalent, in some sense, to those computed by using the
basis functions. The domain [0,I] was divided into 13 subdomains with
nodes at 0, .05, .10, .15, .20, .25, .34375, .43750, .53120, .6250, .71875,
.81250, 1.0. For the forward-difference scheme various integrals appearing
in the expressions for F, N, H, T and W were evaluated by using the 4-point
Gauss quadrature rule.

When 1 = 0.0 and 0.01, the forward-difference scheme necessitated tak-

ing At z .5 x 10-7 in order to obtain a stable solution. However, for the

Crank-Micolson method, At = .1 x 10- 4 was found to give a stable and

acceptable solution since the results obtained with At = .5 x 10- 5 were

found to be indistinguishable from those computed with the larger value of
Lt. As is clear from the two sets of results shown in Figs. 1 and 2, the
non-physical damping introduced by the Crank-Nicolson method results in the
delayed response as compared to that obtained with the forward-difference
method. As is discussed in Reference 6, the development of a late stage
plateau is a numerioal artifact and does not represent a physical phenome-
non. The plateau was also developed in the solution computed by using the
forward-difference method even though it is not depicted in the figure.

12
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The spatial variation of s at late times also indicates some kind of numer-

ioal instability. Since the average applied strain rate is unity, the
abscissa also represents the time measured from the instant (denoted by I
in Fig. 1) the uniform temperature field is perturbed. On an 1794 4381 com-
puter, the CPU time required to compute the solution by the finite-differ-
ence method was nearly three times that needed for the other method when E
in Eqn. (32) was set equal to .01.

Figures 3 and 4 compare the solutions for i = 0.0 and I = 0.01 obtained
by the Crank-Nicolson method and the forward-difference method. In each
case, x = 0.01 results in a delayed response in the sense that i' (Ot)

begins to rise to its maximum value slower and later. However, the two
integration techniques depict a similar qualitative difference between the

solutions of governing equations for I = 0.0 and I = 0.01. We have plotted
only jp(O,t) versus t in all of the figures since the p(y,t) is maximum at

y=O and the rate at which p(o,t) builds up is important in physical pro-

blems. The evolution in time of other variables, the spatial variation of
these variables at different times, as well as the effect of choosing dif-
ferent perturbations e(y) have been given in (6,8,9].

Whether or not the introduction of auxiliary variables in the FDGFE
metehod will permit the use of a larger time step remains to be seen.
Also, the use of automatic time-step control as discussed by Chandra and
Mukherjee 5 may improve the efficiency of the FDGFE method. Further work in
resolving some of the issues raised herein and selecting an optimum value
of At is currently under progress and will be reported on in future.
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PR)GRA1 ADIA8(tI'PfJT# JUTP'J-,PAPE5 IPfjT# APE63UT PUT) CO0102
,)IiEISIIII yCoRn(3s0I,'1OOEtZ,303, E4ASSfl0),A4ASS14p621 COOlIo
vF1]OtCE(hZ)#EF0RCE(4)v TGDOIT(311 000120

DIME4sIrW LO(4)vFTAU(3),YY(2)vES!0(S) WIRK(5#301 000130
v VELD1YT(31),p DOOOTt5#301, SIGIIA(5#30) 000140

+ ,pPGDITES, 30),P')OFIT(5,301,E6D)T(5,10),TEMP(5,31 000150
4 P'iAMA(5, 100) ,SI(5,1203,T'P131),PO(5,100),TAU(5,301 000160

C 000170
C 000160
C READ THE IP'JT IATA CO0190
C coo0200

READ(5,1000) Ci,CN#BETAA,bjSS)RHI#CY 000210
0SAtn(9,111) OJT ~I,4tNT.9 nT,CK,CJGD1T0,C~lIC'IU C00220
PEAD(3*1)20) tiJEL,40CDESP!IPRI.'ITVLD' C00231
READM(,132' TIE.RSTAPT 000231
C'11J*C iu*1000. 000240

C 000250)
C 0003C0
1'300 F0OIqATW10~.4) 000330
1010 FOQRWT(1',,13#6 ' 0. 4) 000340
11102 vlP4AT(315,,2F11,.5) 000390
1025 FORMAT(E0.4r10o4) 0003561

C 000360
C PP.1:4T 09' THE INPUJT OA'Ao 000390
C Coo04Co

WRITE( 6,2000) CC4#RETA,pAF,S0pR4flC/1 000410
WRIV1'(6,2010) tIT,NI9ITDT,CK,*CJG0T,C'JCN4U 0004703
wR rTE ( lip 021) I1U4SLpInDESCL,OITP 4OR14T 000430
WIRITE(6,'025) T1'qEQSTART C00431

C 000440
C 0004!
C GE'IEPATE OE WJIqBERS AID 9')V-O1%%fIS1O'1AL CnORDIlATES. 0004t0
C 000410

CALL 'PR!O(YC0O',Oi]DEN~OIES,ti(MEL 64004410
C 0004co0
C 0050
C PRI~ 1fr T4E t1O-0!t1(NSIIAL 40DAL COORDINATES. cooslO
C 000570

01) 35 ,i.1p?40ES 000530
35 W1MIti(',030) JYCfIR!(J) 000940

O 41) I.1,NfJ'EL 000
40 RtTE( 6,2)40) 1, '40E(1,I 3, NDE(2,13 0000

2000 FO'A(~'1'E555,N'E555,gT.,1.,000570

2010 F3R?1AT(5X,'?40. 09 T14E STEPS o',T1OI 0000ce
+ 5X,'tflo. ri INTErs. W#OIN"S USED 14 NJ1MERICAL INTFGPATIO)N of,I5I 680620
* x,$'IMF I4CREIE'4T ov,E1S.5/ oooe 20

+ 5XR'T1ERtiAL CONOUCTIVEIY s1#EI5.5/5X 000 30
* ,'FACTnIP Tn CIIER' FRIM MI9LES TJ KG-M *',F15.9/ C00040

5WI'RESCRIIEO STQATN RAT *'E5i5,! ,1.~c00650
" 5X,'Iff - OvE135) COOto

2f)20 FOR'iA-7VX#IIIJMSER OF ELEME'ITS -0,1OX 4000
" 413"IBER (IF OIO -4#113 0000600
" /3Xv'9A'EPIAL L;OIGH a 1#E15.5/5Xp 000"
" 1HEIG~T f TIE SPECIME1I (4 Nt MFTERS 3*'#E15.5 COOl'oo
" t~x, opp11I? T'ITEPVAL *,P!5) 000710

20-1! FORMAT(SX,@TIME AT TH4E ITART IF THjIS KtIM *'#E15.5f5XO 000111
*'PEST4RT JOB !v RSTART a o.a.;flHERW!SE HIT AO,1XP 000712
+P.cSTART JO.I/5PRSTART a PF15.51 000713

C @007t0
C COMPITE HMt-0IMEtISMIAL 41JMFE'5 000730
C 000740

CKAPAI R F'A*(SI0's'PI) C0075

20



A u *~000770
FACTI a 4*0OCK/I HT*04Te*Rl9ICVftG5hT0) 000760
FACL a Z.'CL/IIT 000790
*040 e RHfl'(H*GO'qT0I2.1**2)ICKAPA* 000400

CMUJ a CHOItCKAP&f) 000610
C41i a C'4U*2.IICKAPkf'*HT*CL 600820
WR!T!16*Z0591 CKAP40mFP AH4vCMUvC4J.AvTt 0006,0

2095 FORMAT (IX# 1KAPAO a *.E15.S5Xe'TAIRAL FACTW * fvE1595'Xp 0O0S'0
* IINEfttA FACTIR a 8#El99/Us",RUSAR 0 1,vEl3@91X, 0006,0
" *NtJ-IAR w oE 9/13 9IX,"l1100-D~If"TtPIAL A a IPE15.0 cooseo
" /3X#1REPERE4CE TE140EPATURE a 1,fl9.) oo4i87j

2030 FORM4T13X,!5, P9.5) coo...l
304.1 FORMATl3Xv31111 COOS"O

C 0001001I
C READ T'4E PARWIE'ESS CONTRILLIb6 THE DISTIJAGAMCfe 000910
C C00920

*EAO(5#100 ALFA#CNNEPSLfMt 000930
REAN9*510311 HTAJ.'46P, 145 1, NP0O)TNT4','4T 0004031

C READ (901011) TIqEHfTAU, 460, -IT,'ffPHSI46*UOT 000932
CIOiPN1l0,Z.110)201I4,E01I1XE015 C00933
C 0 3,!.)1XEZ.03~E~.@ 00934
C VAITEE 4D2031 I 4T A1H466T.'IThS.4S1IPOT C0O,,,

WRII'h*zo5oI 4LPAvCW1*!P1KLPI C00940
200 FORMAT (9X#'VAL;* S q0 VAqIG%!S CO'ITRIILLZING THE 0ISYUf4AMCEf/ 000950

" SWA'LFA a 1#115.951X,*N o $*[,E1gII,'P IL2N 9 10119091 C009t
C 000970
C GEIERArf VALUES Of SHAPE FUJNCTIONS AND T4h1hR DERIVATIVES* 4641996
C 000990

CALL SKAPES tINN) Oaxaca
C 001010
C CALCUALTE VALIJIS f)s GA84-01T A40 0-OC1T CAUSED IT 001020
C THE NITIAL DISTURGANCfe 001030
C 601040

IMRST42TS14100,0 001041
*CALL 1IST106 (CC308410E6 40Tv DOOT# A&FAsCt1Nv EPILON 001050

C 001070
C CALCULATE THE 11IITIAL YIELD STRESS. 0010600

C 801100
C TAM TA'U0ICKA9%G. 601110
C 001120

ThUO 0 M'AU 001130
C 001140
C SIT MUMIA STRESS e YIELD) STRESS. THE INITIAL 0tSTURSANCE ALIRSOO1190
C THE TV'A4 STRA IN RATE AT A NODE POINT. 001160
C 861176
C SIT T4E INITIAL ITRAIN RATS 0 STAtN RkATV MOE TO N'IMOGE94EOUS 001160
C EPWNRATIfIN o $TUA9% RATO fAU'SE9 IT T"! OISTtJRS6IE. 001140
C WOHI-'lZREHSTIALE11 STR%.h*SATE bill TO 'IGENEOPIS OEPOIPATION OO12ca
C IS EPIAL TO lei 001214
C 01220

tUIOS!AR'.EQ.@.0 60 TO 15 001?221
MV 45 IIEL a to IUMEL 0,012 1*
00 49 IN? 0 Is MI? 941240
160774IVITNL)*IOI!4L) 1.0 0012 !4

40 Co"Twof 001260
C SET 114"MA STRESS e STAESS CAUSED OY "lE DISTUIICt * TillS 0012?1
C STRIS11S CA11IJSE 6? TIME DIST11ROANCE ARE TAKEN EPUAL TO 0 eat I t
C OC 1290

Nfl 4* 1 *09KPIL 001 ICO
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TR - CKAPAO/(P'fI'CV*CJI 000760
A - A'TR 000770
FAC?1 * 4.O*CK/fMT$HT0RHI*CVG?)TO1 000760
FACL 2 .*CL/1IT 000790
RHiO *RHf*(IHT..pDrTO/2)be2)ICKAPAO 000800

C'9U a CMJ/CKAPAI 000110
C41a C'IIJ'2s(CKAPA#)*HT*CL) cooszo

'4R!TS(6,2055) CKAP40,PFACflsRH1,CMIUC4tJ.ATR 000630
205 F3R4AT(1X#'KAPAO a *OE15.3/5X#'T4ER'4AL F4CTIP 8p*E15.515X,' 0co0

" *!11E: !A FACT IR a ',3155/9Xq9MqUSAR a 4sEj5s9/9X# COOeSso
" 141U-1AR - ',l-13.5/5X'ltO'I-0I9NjT2'IAL A s *,OE15.15 cooseo
" f~w,'lIPIEI1CE TE4PERATURE a IE't.'il C000701.

2030 F0RMA(,,Xrt5 F15.5) coos so
204-1~ FIRqMAT(5X# 3110) 000690

C oooqOO
C READ ?T4E PA*.AIErERS CON'RILLI'IG THE OISTIJRSAH4CEe C00920

REA(5sl001) ALFAoCNHEPSZL1N 000910
REAO(5,1130 HT.%IJHGPH$!,HGPDO3THT',4GT 000931

C REAIn (5,10311 TrNE.NTAU, 4GP, irsT, 4TI*,HS~e '46'OT 000932
C1131 P1RMAT(!flXE2)10/1XE!0.10Z4XES0.1O/'3XE20.1O/ C00933
C # 23XEE!0.1/14XE22.10/3%),E.!0.1)I 000934
C WRIME(',20311 4!A't,4G',4GT,'iTlqj,-iSbH1GPDOIT C00935

WRIT--( 6#2050) ALFAvC'IN#SPSIL11I 000940
2090 F9R!AT(XVALJ)ES rjs yVqIM3Le CO'4TR'ILLING THE DISrURRANCE11 G009!0

65XPOALFA a ',!15.IIS5Xs1N a 'PE15*515WEPSILON 1- ',E15.51 0009e0
C C00970
C jE'IERATE VALU!S OF SHAPE FUNCTIONS AND THEIR DERIVATIVES. 000941
C 000990

CALL SHAPES (NIHY) MOMC
C 001010
C CALCIJALTE VAL'JES 13F GAA-DO)T AND 0-DOT CAUSED SY 001020
C THE 14!TIAL DISTURBANCE. 001030
C 001040

lr( RST41P1704E.0.0 I 001041
*-CALL 11 STOOPS YC3ROWJDEv EGDOTvD0DOTv ALFAsCtN EPSILON 001050

p ."UME pIITP TE10 T40',fMOE So NT4P Ga 0010l)
C 001070
C CALCULATE THE MI!TIAL YIELD STRESS. 001060

CK * .*s/II*C~f.**DTOH3q)*l 001090
C 100110
C TAUC TAffO/CKAP %0. 001110
C 001120

TAIJO HINAU 001130
C 001140
C SET IHITIAL ST"ESS a VIEL9 STRESS, THE INITIAL 0!STUJRSA1CE ALTERSOI15O
C THE rrJvAL STRA IM RATE AT A tIODE POINT. 00110
C 001170
C SF' 'E INI'IAL TIAIN RAT: - STRAIN RATF DOWE TO )443MDBEW4OUS 001MO
C )Fr 19A'Ifti # TA!N RAT9 CISED Ity THS DISTUR9S4CE. 001190o
C SO fEIt?~IE TA4M RATE DUE TO WIM1GINEF1'5S DEFORPATION 0012CC

C 001220
IrCRS'AP'.E1.0.OI GO To 55 001221
In 45 tIEL a 1o IUMEL 001230
On 45 *ti 0, 1# "M @01240
EGO1f!II'#'ELI a G1(gTNL 1.0 40124.0

4~CONIIN'f @01260
C SET I'I!7!AL STRESS a STRESS CAUSED BY TV* DISTURSANC1 4 TAUO @0127#3
C dPC5,FS CA'I E1IT6 THE Ot'T1111ANCE ARE TAKEN IE@WL TO 0 C01210
C OC1290

r' 46 1 1101IEL SOZICO
nn( 46 J 10111, 18!I01310
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SIGMA(JPI) a 0.0 001320
46 TAU(jor) a CK*(1.O-A*TENP(Jtj)) 001330

55 CONTINIE 001331
C FOR THE RESTART JflBs READ VEL'JCITYsTENi~sSIvTAU,9SIG1A. 001332

IF(RSTARTetNEe3*0) GO TO 70 001333
DO 60 NEL a 1PNOMEL 001334
00 60 fitT - 1#414T P 01335
READES,1070) TA'jtINTNEL),SIGPIA(IHTNEL)PGAIA(INTNEL) 001336
READ(5#1071) SI(14TNtEL),'GDO)TtI4T,'1EL),TEMP(!N',N4EL),PODINTNEL3 C01337
READ(5,1C7Z) EGDfTT(rINTNEL),*DDDOT(!NTHNEL) 001338

60 CnNT tlUE 00133Q
11"'0 F'2RlA(0Xs3E20sl2) 001340
107'1 FORMAT(2X, 4E19912) 001341
1172 FOP.NAT(ZX,2E19.12) 001342

on 65 NOD a I 1, 0DEoS 001343
65 READ(9*10751 VELDOT(HOOITGO(NOD),THPtNOO) 001344
1075 FORIIAT(l5X,3El5.7) 001345

CALL DD (ODo 0TpNINTs 'JMELP 4 ODE# VELDOT# TGDJTPYCORD , EGD0T,DT, NZERO, 001346
*NTT) 001347

?a cOnT!HUE 0013401
CN!.1./Cm 001390
GDOTI! a 1.0/Gfl0T0 001355

c 001370
C 001390
MO)3 F3RHATW61194) 001396

WR!TE(6*2031) 4TAiUDIGPHS,HGPDOTHTMPIsT 001397
2031 FJR4AT(5X,1fTA1J *'sS135f5X,'4Gm uOPE15.5/ISX'HSI *',E15.3I 001396

*5X#91IGPDOT m',E1955Xv"ITMP w*E1S.515Xp0HST 09PE19*5) 001399
C 001460

MOP u2*tnODES 001470
48w4 001480
DO 990 NTTol*NT 001 490

C 001500
C INITIALIZE T'4E GLOBAL MASS MATRIX AND THE GLOSAL FORCE VECTOR. 001510
C THE lASS 4ATRIX IS GE4ERALIzED IN THE SENSE THAT IT INCLUDES 001520
C THE INERTIA TERMS APPR3PRIATE FOR D-DOIJSLE DOT* THE FORCE VECTOR001530
C EQUALS THE RESULTANT OF FORCES CAISED SY STRESSES AND 001540
C DIPILAR STRESSES 012E TO THE DISTURBANCE. 001550
C 001560

DO 50 Iu1,NDF 001570
FORCE )I) 001560
IFINTT.NE.1) 61 TO 50 oo0190
00 49 Jm1,pMU 001600

40 APIASSIJ,!) a 0.0 001610
90 CONTINE 001630

C 001640

C 'IME - TIME - DT-GDOIT0Z 001650

C 001670
tICOU1IT a NTT/9PRIMT 0016 eo
4ZERO1 a NCO'#IT * NPRZNT - 4T? 0016S0

C PIP THE 4'IIOGEMM73 SGLIITTI14 FOR THE PRESE4T V4LUE 0F TIME. 0aliCO.
C 001710

CALL 1O~f)G(4-TMP, H4T, HP s 1TA1,p4IS!CMI, C'iAB, G!PT0 001720
v CNIJ,0,s3I0,pt~f*E HGPOfTNZSRO) 001730

C 001740
C 001 746.
C ASSEMBLE THE GL35AL lASS MATRIX. 001750
C 001760

DO 900 NELPIs'MMEL 001770
10 104) 1.1,2 0017eo
I I sUII#EL 41 001790
VI) a YCORDII) 001ec0

I" CINTX'1ifJ 001810
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0O 105 INT a 1.p NI'T 001820
ETAU(INT) a TA'J(INTIlELMiI 001830

105 ESIG(INT) a SIGNA(INTNEL9) 001840
C 001850
C CALCUJLATE T4E ELEMENT MASS MATRIX AND THE F'JRCE VECTOR 001860
C 001670

CALL ELEMElT(YYp ETA'b.ESIG, EFORCE, EMASSHI TFACL# NTT) 001980
DO 110 11-102 oaisqo
JJ02*II 001900
I a 4lDE(IIHELMf*2 001910
Lntjj-1).I-l 001920

110 LD(JJ)uI C01930~
mcn .0 0194,0
DO 13) 11.1,4 001930w
IuLDQ I) 001960'
FORCE(I) a FORCECI) + EFORCE(II) 0019701
IP(NTTIIE.1) GI Ta 130 001980;
DO 12Q JJ.1,II 001990
MCamc.1 0020C0.
M=LD(JJ) 002010:
IR-4IIN0(IM) C02 020
ICmtABS(:-4i)+1 002030

12Q AMASS(ICIR~uAIIASS(ICIR).EMASS(MC) 002040
130 CONTINUIE 002060
400 CONTII'JE 002070

ntl 915 Ju1,NlDF 002080
FORCECJ) a FORCE(J)*R4flI C0085

915 COJNTI4'JE 002090
C 002110
C MODIFY THE MASS MATRIX FOR THE PRESCRIBED BOU'IDARY CONDITIONS. C02120
C 002130
C AT THE BOU)NDARY NODES (T4E FIRST AND THE LAST NODE) 002140
C GANA AND VELICITY IS PRESCRIBED. 002130
C THEREFOPE, WE SET GAMA - DOUBLE-DOT - 0.0 AND ACCELERATION a 0.0 002160
C AT THESE NODES. 002170
C 002160

11 a 2*NODES-1 002 240
CALL MIDIFY(1,0.0,AMASSFORCEHIDFMSM!S) 002250
CALL IOD!FY(Tir,0.0AIASSFRCENDF'IBPlB) 002295
IF(t4T'.*Elo1) 002265

+CALL SnLVE(AMASbFORCENDFMBNB,1) 002270
CALL SOLVE (AMASS joFORCE IDF, MB* 4BS,2) 002210

C 002290
C 002300
C 002310
C NOW THE ARRAY FORCE CONTAIPIS TOTAL 4ODAL ACCELERATIONS AND NODAL 002320
C STRAIN DOUBLE-DOTS CAUSED %Y THE DISTURBANCE. rROM THESE VALUES FINDO02330
C VAL'JES OF DOOT* 002340
C 002350
C TRANSFER VALUES FROM THE ARRAY FORCE INT ARRAYS VELDOT AND ODDOT. 002360
C 002370

2110 FoRMAT(5XD'ACCELERATIOM DIUE '0O DISTURBANCE AND TOTAL GAMA-2 DOT91 002390
*5Xv'IODF *,5X'ACCELERATIlfl5XGAA-OUBLE DOT') C02400
DO 20') 1 - I 14IIfES 002410
11 a 2*r 002420
VELDOT(I) a FORCE(IT-1) 002430
TGDJYCIl) a FORCECII) 002440

2100 vnemAT(5XI5,ZE13.91 00240
200 CONT4lIIIE 002470

C 002460
C 002510
C F141' PLASTIC PARTS -IF EGDOT AtID DDnOT* ?)EMOTE THESE 002520
C BY PGDTPDOT 002530
C 002340
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CALL PLASTIC(C EGO OTP 000oT, ?GD IT, POD IT# C.'tI, G0T0DSIGM4AP CM, 002330
4ABC!1tJP,'I'i, T, AUOTEj, 510,lo NTTPN'JMELp HINT,9 WORKP TAU C02 560

4,1451, iGPHGPoOf GAMIASZRSTART, PD) CO25e1.
C C02 570
C CALC'JLATS TOTAL BOOT AND TOTAL GDOT. C02 571

CALL 0D(ODDOTPt4IN!,tUMELPHlOEVELDOTTGDOTYCORDEGDOTOT, NZERO, 002572
" NTT) 002571

c 002620
C 002630
C SOLVE T1E THERIAL PRIBLEM 00264,0
C 002650

CALL T4EPM(rEP swnfRKFACT1. N'JMEL,'4fITTT*)TpTM5 002660
" ,YC1ROnES,1fl!E) 002661
ZF(NZERO. NE . 01 G'q TO 400 002670
n.1 985 4IEL a 1.,;I'J'EL C02660
DO 985 INT li 1,MINT 002690
wRITE(6*2400) 4E Lo I T TAU(INT EL I SIGNA( INTj NEL ),PGAIA (IN ToMEL) 002691
WRITE(6,2401) St(INTNEL),PGDrlT(INTM4EL).,TE.1P(INTN EL),PDf!NTNEL)0026q2
WEITE(6,2401) EGDOT(INTNEL),DDDOT(INTsNEL) 002693

985 CONTINUtE C02694
W] 980 NOD-1,0flOSS 002695

960 WRITE(6p22Q0) IIDVELDO]T(NO)),TGOJ3T(NOD),TMP(NOO) C026%6
2290 F1R4AT(lOXp15p3E15.71 0026q7
2400 FORMAT 42X, !14,3E 20.12) 002698
2401 *nRM'AT(2Xp4El9*12) C02699
990 CONTI1'iE 002730

STOP 002740
END C027.90
SUBROUTINE HONOG(HTMP HroT, HGP ,HTAUHSICMI, CN, Aog3,GOOTO C02760

+ # C9?i,*DT SIO,?'IE, HGP')O]TNZERO) 002770
NCKAPA1 * (.0 + HSi/Sri0)n*C1 ooz7eo
MCKAPA *HCKAPA1 S (1.0 - A * I4TMP) 00271;0
QTwHTAUfl4CKAPA C02 800
IF(QT*LT*1.0)GI Ta 500 002810
R2uQT**CMI - 1.0 002830
GAMA a R2/(4*GDOTO *HTAJ) 002840
GO TI 600 002850

500 WITE(6#2000) QTTIME 002860
GAM A a 0.0 002870

600 CONTINUJE 002880
H4SIDOT a GAMA*(H?AUHTAJIHIKAPA1) 002890

/ IGPDOT a GAMA * HT61) 002900
HTMPOIT a HGPnOT * HTAU C02910
NTAUOTmCMU*( 1. 0-9GPDOT 3 002920
HSI-4S I+HS IDOT*OT 002930
ITAUOHTAU+HTAUOT *DT 002940
HGP.'iGP+HGPDGT*D? C02950
NGT*WPT4 DT 002960
HTMP w HTMP + HT4PDgT*DT 002970
IF(NZERO*EQ9O)4RITE(6,2005) TIMEHTAIJHGP,'40T,'ITM*,!IHGP COT 002980

2005 FORMAT(SXHOIOGENEOUS SOIN. AT OHYSICAL TIME (SECS.) u',E200101 002990
" 5X,'TAU *',EZOsl0/5X,'GAI1A -PLASTIC *EZO.10I 003000
" 5X,'TOTAL STRAIN uWE20.lO/XvSTEIPERATURE a ',E20.10/ 003010
" 5X,'sI a IVEZO.10 003020
4- /5XIPLASTIC STRAIN-PATE mOE20.10) 003021
RETURN 003030

20010 FORMAT(5XFOR THE 1409100 SILN. THE MATERIAL IS DEFORPIINGI 003040
+ ,1XELASTtCALLY'I 003050
#5X,'RATIO OF STRESS TO HARDE1190 FUNCTV)'1 *',F15.5/ C03060
65X,'CIIRRENT VALUE OF TIME a IpF15.51 003070
END0 003Oe0
SURiUTINE SHAPESPIINT) 003090
COMM14'/SHAPES/S1APO(25) S4AP (Z,53) SHAPO(2,6p5)p OSHA Pl(2s 5It 003100
+ ODSHAPO(2,5),-DDS4AP1I2,5),SHAPI(2,5S),DStiAPBC2,,) 003110
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DIME1I'411H SIM4 003130
SIMi a -0.861136311504053 003160
SIM2 a -0*339'l81043584856 003170
SIM3 - - SIM2 003190
SIM4 a - SIM1 0032CO

C 003210
C EVALUATE T4E SHAPE FUNCTIONS AID THEIR DERIVMTVESe 003220
C 003230

D0 100 1 a 1#4II4T 003240
5.51(I) C03230
S4APO(1,!) a (2.0 -3.** + S**3)/4.0 OC3260
S4APW(Z,!) a (2.0 * 30*S - S**3)/4oO 003270
SHAPI~l,!) a (1.0 -S - S*S + S*03)1490 0032e0O
SHAP1(2,!) - (-1@0- S + S*S + S**3)/4.0 003290W
DSHAP0(1I) a(-3.0 +3.0*S*S)14o0 0033C0i
DSHAP3(2,Ip (3.0 - 3.0*S*S)/4.O 0033101
DSHAPM(1I)w (-1*O-Z*0*S5,0*S*S)f4.0 003320
DSHAP1(2,FI)a (-1.0 *2.0*S +3.0*S*S)/4.0 003330
DDSHAPO(1,I) u (6.0*S)/4.0 003340
)SNAP0(2,I) - C-6.0*5)/4.0 0033%0
DDSHAP1UIl) = (-2.04.6.0*S)/4.0 003360
DOSHAP1(!,I) - ( 2.0 + 6.0*S)/4.0 003370

C 003380
SHAPB(lZ) a (1.0 S )/2.0 003390o
SI4APR(2,Il) - (1.0 + S)/Z.l C034CO
DSHAPB(lI) a -1./2. C03410
flHAPB(2,I) 0 1.1'. 003420

C 003430
100 C04ITI'IUE C03 590

R ETUR4I 003620
END 003630
SU6R JTIt4E- ELEiEH YY ,'ET M, S1G E3R, EAS'S,NTF AC LNTT) 003640
COIM0?I/SHAPSSiA(25),HAP(2,5),0SHAP0(2,5),0SHAPI(2,-5), 003650
+D0DSHAP0(2,p5),DDSHA~1(25)S4APB(2,5),DS4IAPB(2,5) 003660
DiIIENsIom YY(2), ETAIJ(5), WEIG"T(5),PEFORCE(4),EMASS(101 'ESIG(5) 003680
'IEIG-IT(1 a 0*347854845137454 003710
WEIGHT(Z) - 0.652145134362546 003720
WEIGHT(3) a WEIGHTM2 003740
WEIGHT(4 a WEIGMT(l) 003750
MC -0 003800

C 003810
00 100 1 = 1,4 003820
EFORCE(! a 0.0 003830
IF(NTT.NIE91) G3 TO 100 003840
DO 50 Js 1, 1 003850
NCUMC+1 003860

50 ENASS(MC)s0.0 003870
100 CONTINUE 0038800

DO 200 fIMT - 1PNINT 003Msq
WT=WEIGHT(fINT) 0039C0
OJAC - (YY(2) - YY())*0050 003910

C WRTE(6,2010) WJAC 003920
2010 FORMAT(SX*IOJAC a OE15.5) 003930

IM(T?.NE.1) 01 To 185 003940
ST2 - VT*DJAC 003950
E.IAS(1) * EMAS(1) + S4AP0(lI9T)*SHAP0(1o,IT)*ST2 003960
EAASS(2 a EMASSM2 + S'.APO(oIT)*SHAP1(1,INT)*ST2 003970
EM1ASSM3 a EMASS(31 + S4Aml(1,IMT)*514AP1(1,liT)*ST2 0039@0
EVIASS(4 a EMASSM4 + S4ASO(1,INTl*SHAP0(2,I!IT)*ST2 003994
EMASS(S o ENASS(S + S4AP1(1IrNT)*SHAPO(Z2fliTI*ST2 0040t0
EMASSWO a EMASSM6 + S4AP0(2,!NT)*SHAPO(2pr4T)*ST2 004010
EMASS?) a EMASSM7 + SIAPO(1,.INT)*SIIAP1(2,I!IT)*ST2 004020
EP ASS(81 a EMASS(S) + SIIAP1(lItIT)*514AP1(2,INlT)*ST2 004030
EMiASS(91 a EMASS(Q + 514400)(2,INT)*SHAP1(2,INT)*S?2 004040
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EMASS(10)s EMASS(10)e SLA1(ZI4T)*SHAPL(2aI!IT)*ST2 004CR0
*185 CONTIUE 004060

IF(OJAC.LE.1.3E-10) GO TO 3000 C0407D
WT1-WT*FACL/DJAC 004080
GO TI lQ0 004090

3000 WRITE(6,2020) DJAC 004100
Z020 FOPRMArC5XIOJAC - *,E15.5) 004110

STOP 004120
100 CONTINuE 004130

EFORCECL a EFIRCEM1 - (ETAU(INT)*DSHAPlC1,IT)*WT + 004140
" ESIG(IN?)*0D!!iAPO(lpINT)*WT1) C041!0
EFORCE(2 a EFIRCEM2 - (ETAJ(IST)*SHAP1(1,!NT)*WT * CC4160

" ESIG(TIT)*DDS1A*I(,iNT)*4T1) 004170
EFORCE(3 - EFIRCEM3 - (ETAIJINIT)*DSHAPO(2,ITNT)*WT + CC4180
" ESIG(INT)*DDS'IAPO(2,INT)*WTl) 0041 q0
EFORCE(4 = EFIRCEM4 - (ETAljC!NT)*9SHAPl(2iINT)*W4T + C042CO

" ESIG(IHT)*DDS'IA'1(2,INT)*WTl) 004210
200 CONTINUE OC4220

C 004230
C WRITE(6,Z030) EFORCE(),*EFOPCE(2),EFORCE(3),-EFORCE(4) 004240
2030 FOR.MAT(5X,4El.5*6) 004250

C 004280
RETUR'I 004270
E4D 004280
SIJBRIIINME S3L"lE(Aj,8, Nit,1'MMAX, 1K) 004290
D)IMENSION A(1),3(l) 0043CO

C 004310
C SOLUT114 OF SYMMNETRIC BAIMED EQIJAT104S IN SINGLE SUBSCRIPT ARITH, 004320
c 004330

FIB18MB-l 004340
NNN= N-1 004350
IFIKK.EQ.Z) GO TO 2000' 004360
11-1 004370
DO 300 N1,NMNN 004380
CC-&II) 004390
IF(CCoEQ.0.01 GO TO 250 004400
JI*II*1 004410
JZOII*+1B1 004420
HE aNN-N 004430
IF(HEoLT.PtB1) JZ2a11*NE 004440

MaTl-i 004450
DO 200 .J-J1,J2 004460

- laMeN'IAX 004470
IF(A(J).EQ.0*01 GO To 200 004480
C-A(J) fCf 004490
KmM 0045C0
on 100 I.JJz 004510
KamK~1 004520

100 A(K)sA(K)-C*A(I) 004530
A (J ) C 004540

200 CONTINUE 004550

250 COMTIN1JE 0045601
ttoII.NMAX 004570

300 CINTIlIUE 004580

PETURIl 004590
2000 Ilal C046C0

r)n 500 tNalt 004610
CC-A( II) 00482#0
IF(CC*EQ.0.0) Go TO 450 004630
Jla!I,1 004640
J 2*II MBI1 004850
NE-NM-M C04660
IF .NEoLT.MB1 )JZuII*NE 004670

COMM (N C04671
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L-N 04690
DO 40) J.J1,PJZ 0047CO
LwL+l 004i720

400 B(LI.B(L)-A(J)*C 004720
BCN)-C/CC 004730

450 CONTIflUE 004740
IluII+ 4iAX 004750

500 CONTTIuE 004?760
CC=A( II) 004770
IF(CC.NE.0.0) B(NN)uB(NN)/f.C 004780
NSNN 004 790
IZ.PVIAX* (tN-2)41. CO4eCO
00 701 I-20NN CC4el0
NuNm-i 004820
IF(A(I:)*EQo0.0) GO TO 650 004830
J1ari~i 004840
J2Iir+mBl 004850
?lE-N4-N 004860
lF(NELT.MBl) J211*INE C04870
COB8(N) 004880
LoN 0048co0
DO 600 J-J1,JZ 0049C0
1-1+1 004910

600 C.C-A(J)*R(L) 004920
6(N)-C 004930

650 C3NTI'lE 004940
11I-11AX C04950

70n CONTINIIE 004960
RETURN C04970
END 004980
SIJBROATINE MODIFY (N, Qp.A. B, NM, 118, MMAX) 004990
DIMENSIONl A(Mi1AXNNbPB('IN) 005000

C 005010
C MODIFICATIOll FOR PRESCRIBED ESSENTIAL ROUNDARY CONnITIONS. COSOZO
C 005030

DO 100 J*ZPMB 005040
LwN-J.1 0050!0
IF(LLE.0) GO TO 50 005060
8(L)-8 CL) - A(JL)*Q 005070
A(JL) sO.0 005080

50 LwN+J-1 005090
IF(L.GT.MN) GO TO 100 0osico
BCL)8B(L) - ACJN)*f) 005110

100 A(JN) w 0.0 005120
B(N) - 0 005130
AC1,tI) - 0.0 005140
RETURN 005150
END 0051e0
SUBROUTINE GRID(YCI]RDN!DEiNODESNUJMEL )0013170
DIMEISIMI YCOR(30),N4OE(2,p3O) cosiao

C THIS SJBP.OJT'E GENERATES N'2-DIrlWiSI)NAL C7)-ORDIIATES OF MODAL 0051q0
C POIIITS. 0052C0
C Y - BAR - Y / (HT/2) OC05210

Dyl a 0.05 005221
DY2 - 0.10375000 005222
DY a DvZ 005223
Yr a -1.0 005230
DO 100 Hi - 1, NOf)ES 005240
YCORD(10 a VI 005250
YI a YI + DV 005260
DY - DYZ' 005263
IF(tl*G?.'.AMD.N*LT.18) DY DYi 003264

100 CONTIlNUE C05270
C 005280
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C GE4SRATE NUDE tIUM4EP.S 005290
c 005300

NO a 1 005310
'30 200 N = 1PIPIMEL 003320
NOJDE(1,N) - INO 005330
NODE(2,N) - NlO + 1 005340
t10 - NO + 003350

200 CrIMTIHIJE 005360
R ETUR'I 005370
END 0053e0
SUJRRIUTINE DISTURR(YCOP.'3,'10EEG~rJT. O~nDOT, ALFA, CII 005390
"EPSILON, NU.IEL, iiINT,TEHP, ~iP, ?IODESHTMP ) 005" CO
COM:/lAE/.]AOZ- ,HPCY5jrSiP):,53,DSIAP1(2,5), COS5410
" 0sf4P(5#DS40C2,Do (1Z5)SH"8(2s),S4APq(zi5) 005420
DIMENSIONl YCORD(303,NiOE(2,30),EGDOT(5,30),DDOTC5, 30) C05/40

" PTMP(31)sTEMP(5,3a) 005450
WRITE( 6,2010) 005460

2010 FOR.iAT(5Xsv,'tAL VALIJES OF VARIABLES CAUSED BY THE DISTURBANCE'/ C05470
" 5XELE. 0 INT. PT* 0' ,Q)X, 'GAMADOT1 ,9X,'D-DOT',1SX'ITEIP.') 005480

Of] 100 NEL a 1, NUJ'EL 0054qo
!I- HIDEUPIEL) 0055CO
12 w HODE(2PNEL) C05510
DO 100 PIIT a, liINT 005520
S -SHAPBtlPlT)*YClRD(I1) + SHAPB(2,IHT)*YCOR0(IZ) CC55in
FAC -(1.O-S*S) 0o5540
FACN cAC**CN 0055!0
EXPV EXP(-ALFA*S*S) C05560
EGOOTCviNT NEL) - 0.1) 005570
DDOOT(ITEL) - 0.0 COSgeo
TEMP(IIITEL) a HTMP +E0)SILONt*FACNi*rXPV 0055q0
4RTEt6,200O)NELINTSEGDO3T(INTNEL),0D00gT(INTNEL),TEMP(INTNEL)0056C

2000 FORMAT(5X,21I5s4El5.5) 005610
100 CONTINUE 005620

DO 200 I-1,IODES C05660
S a YCORD(I) 005661
TMP(I) a HTMlP + (C1.-S*S)**CNi)*EPSILON*(EXP(-ALFA*S*S)) 005670
WRITE(6,2000) IISPTMP(I) 005680

200 CONTINUE 005710
RETURN 005720
END 005730
SUBROUTINE THERM (TEMP, WORK, FAdl, NlJMELNINT, NTTDT, TMP 005740

+,YCOlP.0,'IIESyNJDE) OC5741
CamVilit/SHAPES/SAPO(25)SHAP1(25),DSHAPO(Z5),DSHAPI(2,5), C05750

" DDSHAPO(2,5),O0DSHAP(2,5) ,SHAPB(2,5),O)SAPBC2j,5) 0C5760
DIME4SION TEMP(5,-30),WORK(5,30),NOOE(2,p30),YT(2)YCORD(30) 0057e0
DIMENSION TMP(31),flISSlp(3),HEAT(2',31), 005790

" THC1ND(3l,3l),FORCE(31) 005800
\DIMENSI0Ni LD(3), T H(6).,EMASS(6)pWEIG4T(4) 005810

DATA WErGHT/0*34?8543451345,, 0. 652145154862546, 005020
+ 0.65Z145134862546,0.347854845137454t 005830

C 006120
C GENERATE T14E M1ATRICES 006130
C 006140

'1s a 2 006100
On 250 1 a 1 , NODES 006160
FORCE(IJ a 0.0 006170
!F(IlTT.flEol) GO TO 250 006180
DO 230 J 0 1, MB 0C6190

230 4EAT(.J,1) = 0.0 0062CO
DO 731 J a 1P,JDES 0062C5

231 THC090( J, 1 0.0 006210
250 CnNTII'JE 006221

DO 901) NEL a 1,N'JI4EL 006230
Of] 301) I a 1, 2 0C6240
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II **I~f~(IEL)000250

YT * - CORI(IT) 006260
300 CONTINUE 006273

IF(NTT*!IE.1I Gl TO 510 CO2'0
MC a 0 006250
00 400 1 a 1, 2 0063CO
DO 401) J s 1* 1 006310
MC a nc * 1 006320
TH(MC) a 0.0 006330

400 E94ASS(MC) - 0.0 C06 340
MC - 0 006350
00 500 1 - 1, 2 0063e0
Do sn. i o 1 1 I C 370
MC - IC * 1 0063@0
DJAC w (YT(2) -YT(lfl*0.53 Ccf)c
IF(DJACLT,1.OE-10) Go TO "QQ 006410
DO 450 111T a 1Ii!NT 006415

WT 4E!'ThT(rflT)*lJAC 006 420
WTI *WEIGHT(V1T)/0jAC C06430
EMASS(MC) - EMASS(MC) * S4AP8(I#INT)*SL4APB(JTl4T)*WT C06440

THnC TH(MC) * OS4APS(IIIIT)e'ISIAPB(J,-INT)*WTI 000490
450 COMTI!IUE C0640-0
500 CONTINUE 006470
510 CONTINJIE 006480

0O 551 I -, Is 006490
DISSIP(l) - 3.0 0069CO
OJAC a (YT(II) - YT(l))*0.53 OC0S50
00 55) INr - 1, MINT COOJ310
DJAC a DSHAB8(lt4T)*YT(1) + DSHAPB(?,INT)*YT(Z3 006520
WIT - IJEIGHT(IIIT) * OJAC 006530
DISSIP(I) a DISSIPII) + SHADR(IPI4T)*WORK(IMT,-NEL)*WT 006540

590 CINTrIIUE 006950
C ASSE48LE THE GLOBAL MATRICES 006sea
C 000590

1O 600 11 a Is. OO006CO
IsMODE (IIPNEL) 006010

600 LD(Ih) a 006620
MC - 0 000630
DO 700 1: a IyZ 006640
I-LDOIh) 006050
FORCECI - FORCECI) + DISSIP(II) 0oooeo
IF(NTT4IlE.1) 61 TO 700 006670
DI) 690 JJ - 1, II 006680
MC a NC * 1 00oo60
P- Ln(JJ) 000700

ZR - M!1IOCIM) 006710
IC o IABS(I-1) + 1 006720
HEAT(IC,:R) a 'iEATrcPIR) * Eh1ASS(M C) 000730
THCOMDIPl1) a TiiC'1NDIP) * TNCIIC)*FAC1 006740
74COF)M.M,) a THCOMDCIpn) 0067!0

690 CnNTI'IIE 006760
70n C3NTrflJE 006 770
900 CONTI'lUS 000760

nlo 950 I - J1NODES 006790
IMI1-1 006792
IF(I.Elel) ItIl a 1 0067q3
101 a 1+1 006794
IFCI.E9.NODES) IP1 I 006795
0D] 945 J - IMX,!PX 006000

941 F9RCECI) a FORCECID THC3tIDC!,J)*TNPCJ) 006610
450 CO1TIIE 006812

IF(H)TT.E0O.1) 006si
+CALL SOLVE C'IEATP FORCE, NODE SpMB M13j,1) 006P~70

CALL SOV ET -R~!1O p4. BF2 00660
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01 931 AI,IDES 006921

TNqP(10 - r~ 10) . i *)T 006931
QD CONTI IE OCA 940

C 0069"o
D~o (315 qIr! C0690e
11 -* D(INL 006q70

9'S5 TEMP(ITPIFL) - 1'qPCIX)* APP(lINT) TqP(IZI*S,4AP%12,INT) @C7410
It E T J11 007030

qql JRITCUh,"2O0) 4EL,41!ITPDJAC 007041

: EE:' ',i F ?'IF PPIGRAM IS SEIP10 STOPPEO IN SUB. THEIP" I C07O0
STtnP 007070
VID 007000
SUaRRIt!tI ' 11 r C PT, IDI)1MEL o rJ0E,VELDT* YGOT a C 900sEGO CT Oo70sw

j, D ,,iEP9,i~r)007100
CflP4MfN/S4AP APO(Zo )5 S4A *I( !vsI# 0S4A0( 2510O wAP1(gIV 007110

+ 0tPO2 007120
rPIME4S1tI fl~()S30),H10(,I,,VL)0T(31TGDT(3.), 007140

" YC1n( 30) EG )1T 5,3OI 0071530IC 007170C THiI3Su31~'F~PP T-ITAIL D--fT 4ND TOTAL 6-007. 007100
C 007140O

C ~~~~~~ ~ ~ ~ ~ 0F (PT2 0 r( 00 C2O
2010 Fap4AT(54, 'LE.i '4T PT. 0 TITAL G-DIT',51,*1.TITAL OD00smI 007210

C 007220
D,1 200 ?IFL * 1, NIi'4E1 C072Z30
ii - ionE(JvNEL) 007231
12 - P4OE(ZolIEL) cc7Z32
OJACI - !.01 (v~jvD(I2 - YCORD(I1)) 00723
01 200 I'IT - I# M14T 007240
DOO03T(19,'vIEL) - D1V)nT(:NTH7LI # £flT'IJACI0JACI)* C073!1

" VDDS4APf(1,*4TiiVFLD0T(Ijl + OOSHAPO(ZoINT)*VELDOT(IZI 007352
+ DDSHAP(jlf4T)*'r-rT(!1) * 9OSHAPI(2mINY)*?GO!OTfI2) 1 0073!3
EGOV(INT.'iEL) * EG~fII(IN',pNFLI + DTOJACI* 007354

* f OSHAPC(1rITr)sVFL1NT(!.3 + DSHAPCZINT)0VFLOOTI1IZ) *00735
# DSHA11UIT)0y1D)T(U.) + DSHA1(2p14IT)0TGDOT(t2)) 00?356

C IF(NTrLE.q) 0073 eo
C *W4RIT(6:,)31P)EL,1tN',EG)T(IITptiEL)flDDOT(!NT*pELI 007370

2000O F9RAT(5fl,2I5,2--5.5) 00 73 @0
200 CINTI'E 007390

RETUPI 0074 CO
ENO 007410
3tJ660')T!tIE PLATI F'DT'O~) G1#POT CNZGOO'09StMA9 007420
*C4,s0,, IJ,CID',TAUO,-r1iPSI0, PTTP"U4EL, NINTv Waft#TAU 007431)

P HSIHGjP,4GPO)Tp, A IAP! log STAP1,POI) 007431
DzmmEsrf3N EriDfl(5,3)lD'T(S,3,,p0DOT(5,)#poDoyT(,30, 007440
#PAIi pO)S(#0)rM(#0#A(*0#IR(P0 GC7450

* ,bnewY5,0102,0Iif1oo) 0074e60
C 0C70.70

IFIRSTAR.EQ.3.0) j TO2 11) 00)7471)
IFE'ITT.IIE.1) Go Tl 10#3 007460

C !MITIALIZE S It PriTP PDIToTEMPs PGAMAp Dp0SIGMA# TAU AT EACH POINT CC7440
C cc?5 CO

00 50) MEL * 1...IJEL 007510
Do So PIlT e 1,tiNmT 007520
SIf !I4TDUEL )-4~1 007532
PODTE 1NTNEL~wI"Pn 00)40

PDOO(IN'PMEL-0.1007550
PGAIIA( ITpNEL)*q',0 C07570
P01 PITpHEL )*0.1 0075e6
TAU(IIIT,FfiEL) a 'rA'JO 007590
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5u C'17' WE. GC7610
C 00'7620

100 VIw'I WUE 007630
C 007640

DO 50) "$EL - loH'i)EL 007650
D~3 500 IT? a 1POIN'T 0076e o
Sl!.S1(!'~si?,'eE C07670
TMqP-TEqP(PI4TPEL) 007660
CKAPAI a ((1.0SYI/SO)*CHI 00? 6 ;
CKAPA a CKAPA1 0 (1.0 - AsTP) 0077 CO
ESTREE, a SIPT I TAIJfltI?,4EL)*TAtJ(,NTpP4EL) OC7710

* S!G1iA(t1I?,EL).StG~q4(lpITOIEL) ) 007711
Oa '!TPES/CK404 0C7720

!F(Q?.LT.I.0) GI TO 453 OCT730
12 - QT**CMT - 1.0 0C77!0
GA"A *RZ/tSESWSSrO3T) CC776O
SIfO' * 'AsAA s ESTRESOES'RES/CKAPAl 007770
Gi) TI 460 CC7780

450 COT4INUE 007765
c WRTTS(6#21-3ot !rITPNEL# T 0077q0
2100 FIRMA?(5X,'I'4E :4T. Py.',!5,' IF ELE. 0 ',139'IS 'lILOACIIAG.'/ C071co

* SE,' ?&IIIVAPA C ,155 C7610
GaA * 0.0 0074 20
S101' ).0 007630

440 CIWT1411E 007540
GPOT - GA A 0 rAU(tI?,T0EL) 007850
nlo()JT e GA~IA 0 S'r,"W1Ifl?,IEL) 007060
PGDOT(1NPNtL t.GPf3 007670
6'))OT(ZN'vtJFLI . Dpql? 007860

S1Pl,~EL *S!(I'I!,tIEL) + SIl)0T*O'r 007690
'GAMA(IH'P'fSL) a PGAflA(I"H',NEL) + GOWITOV 0o'90o
PD(1TIEL) a P')(XWToNEL) + O'OITeOT C07910

c RITE(6,.2000) HELP 4 S!0'TGOTfj'jf 007920
2000 FI*49A(5X,15,3f15.5) 007930

4ORK1t4',tIEL) o CKAPAI 0 $101? 00 7Q40
TAOI CWj*(EG')OTc!H?,NSL) - GPOlTt 007950

SIG~flT * C4t'J(DtIITtTN?,PNSL) - DPOOT) 0079to
TA.M?,MPELl - ?AtJ(P4?D#4EL) + TAiDV1? 0077
SIGMqA(IN'loIEL) a StfIA(!T#TNELI * SI'.DOT*0T 007980

MG0 CINT141E 007990
GI TI 462 007991

461 'EBITE(6#2010) QT 007992
2010 FP]R4AT(/ISX,'4E EXECIJ)T0N IF THE PRIGRAM IS BEUIM 007q93

* 3JPP[Do OT? * E1S.S) 00' 994

STO0P 0079q5
462 Cl"1NT!'if3 007996
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